A fiber gyro with optical heterodyne detection is proposed. The experimental setup has been constructed and tested. Both the frequency difference in the fiber and the path-length difference between counterpropagating waves are eliminated to reduce output drift. An electronic circuit for phase-nulling detection has been constructed, which gives an electronic frequency output in proportion to the rotation rate. Direct frequency modulation of a single-mode laser diode has been adopted to reduce the noise that is due to the backward Rayleigh scattering. A short time resolution of the rotation rate of about 5 deg/h for an integration time of 1 sec.
A fiber gyro utilizing the Sagnac effect has been investigated for use as a rotation-rate sensor. 1 -3 Phasenulling detection is useful for the gyro, which is required to have a wide dynamic range and linearity. Moreover, the fluctuation of the optical power that is due to the change of the polarization state in the fiber does not affect the output in case of the phase-nulling detection. The optical heterodyne technique achieves phase nulling by use of an appropriate electronic circuit.
However, in previous optical heterodyne systems, 4 the residual path-length difference and the frequency difference in the fiber between counterpropagating waves were neither considered nor eliminated. We have indicated that these differences introduce output drift5 7 and proposed an optical heterodyne fiber gyro without these differences, whose output is an electronic frequency in proportion to the rotation rate. 6 In this Letter, the experimental setup that we have constructed and the results of our rotation-detection experiments are described. Direct frequency modulation of a single-mode laser diode 8 has been used for reducing the noise that is due to backward Rayleigh scattering. When there exists a residual path-length difference between the waves, thermal fluctuation of the residual pathlength difference and/or of the optical frequency will cause output drift 5 -7 ; moreover, an optical source with a wide spectrum, which is useful to reduce the noise that is due to the backward Rayleigh scattering,' cannot be used. However, there is no path-length difference between the waves in the proposed system when the optical components are correctly positioned, and position error causes only a small path-length difference. For example, the path-length difference Al, which is induced by the grating displacement d along the optical path from its correct position, is expressed as
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where 0 denotes the small diffraction angle of the AOM and the grating. For instance, a 1-mm position error causes only a 50-nm path-length difference when / = 10 mrad. Temperature variation in the fiber will induce output drift when there is a frequency difference between two waves in the fiber. 2 ' 6 ' 9 ' 10 Therefore, in the system, the AOM shifts the wave frequency after it propagates the fiber. the gate time of the frequency counter. The upper portion of Fig. 3 demonstrates the detection of the Earth's rotation rate (+0.0042 deg/sec), which was also applied to the system by the table. Figure 4 shows the output drift of the experimental setup, in which the Earth's rotation rate detection is also demonstrated. The short time resolution of the rotation rate is limited by the backward Rayleigh scattering', 13 and the residual Fresnel reflection at the discrete optical components.
The single-mode laser diode used in the experiments has a high radiance (10 mW) and a high coupling efficiency to the fiber but also has a long coherence length. Therefore the direct frequency modulation of a laser where AO, Td, and n are the input phase difference, the delay time in the CCD, and an arbitrary integer, respectively, and 7r/2 is the comparator quadrature condition. The integer n must be selected so that f2 > 0 for the required dynamic range. This circuit does not require the voltage-controlled oscillator to be exactly linear.
Experiment
The experimental optical setup consists of a 2000-mlong single-mode optical fiber wound on a 15.9-cmradius drum, discrete optical components, and a single-mode laser diode (Hitachi HLP-3400; 816 nm) on a Duralumin board. The AOM driving frequency is 40 MHz. A CCD is used for the delay line in Fig. 2 . It gives a 49.9-psec delay time. High stability of the delay time can easily be achieved because of the stability of the CCD clock frequency. In the experimental system, the integer n in Eq. (2) is chosen to be 10. The conversion ratio of the phase difference into the outputfrequency shift is 55.7 Hz/deg, which corresponds to the gyro scale factor of 910 Hz/deg/sec. The output frequency is multiplied by 10 to feed into the frequency counter. Figure 3 shows one result of the rotation-detection experiments. Rotation rates from ±0.01 to ±0.21 deg/sec were applied to the system by the gyro test table. The integration time is 1 sec, which is given by Integration time is 1 sec. and 4. Since identical paths are not used for counterpropagating waves, the gyro might be environmentally sensitive. However, the drift of about 0.01 deg/sec shown in Fig. 4 is suspected to be caused mainly by the mechanical instability of the manipulator that launches the wave into the fiber and by the thermal fluctuation of the acoustic-wave velocity in the AOM. Figure 5 shows the good linearity of the system. The rotation rate of 11.0 deg/sec corresponds to a Sagnac phase difference of 180 deg.
Conclusion
An experimental system of a proposed optical heterodyne fiber gyro has been constructed and tested. Good linearity has been realized by the phase-nulling electronic circuit with frequency output. Direct frequency modulation of the laser diode has been adopted to reduce its coherence. Short time resolution of about 5 deg/h has been achieved. The resolution will be improved by an optical source with a wider spectrum. The drift is expected to be reduced by adopting micro-optics technology or an integrated-optical circuit and by monitoring the thermal fluctuation in the AOM. 6 A homodyne detection system 5 ' 7 can also be realized with a precisely controlled phase-difference bias without any residual path-length difference, if the AOM in Fig. 1 is replaced by a grating.
